Asymmetries in strength between the reciprocal and bilateral muscles of the knee joint have been implicated in the etiology of muscle strain and knee ligament injury. Isokinetic dynamometers allow the objective assessment of muscle strength in both concentric and eccentric exercise modes across a range of angular velocities. Peak torque data from isokinetic assessments can be used to calculate ratios to evaluate the reciprocal and bilateral balance of strength at the knee joint, although the ratio of eccentric hamstring torque to concentric quadriceps torque (H ECC :Q CON ratio) may be the most accurate means of describing the balance of strength about the knee (1, 2) . A more comprehensive evaluation of muscle strength symmetry and injury predisposition can be obtained by combining such data with information from the conventional hamstring to quadriceps ratios (H:Q ratios) and absolute isokinetic peak torque values (2) . The value for these ratios that constitutes a signifi cant biological imbalance remains unknown (14, 24) . Comparison of the reciprocal muscle group ratios in the opposing limbs (bilateral H:Q ratios and the bilateral H ECC :Q CON ratio) is a means of gauging normal muscle strength symmetry (14, 24) , and guidelines for interpreting this information have been presented (24) .
Critical to the valid interpretation of these indices is the reliability of the measurement. In the absence of adequate reliability, differences in recorded torque or calculated ratios with repeat assessment may indicate measurement error rather than true change in performance. Although the reliability of peak torque data has been extensively examined in adults (e.g., 13, 16, 21) , less attention has been focused on the data of children and adolescents. Studies involving children and adolescents have been restricted to assessments during concentric exercise at low to intermediate angular velocities (0.54 -3.24 rad/s) (9, 11, 15, 17, 18, 26) . The reliability of testing at high concentric velocities has not been examined despite its more functional means of assessing muscle performance (23) . Furthermore, although the reliability of the H:Q ratio in concentric and eccentric modes and the bilateral peak torque ratio of the hamstrings and quadriceps muscles have been assessed (15, 16) , no research has considered the reproducibility of the H ECC :Q CON ratio or the bilateral H:Q ratios and the bilateral H ECC :Q CON ratios.
The statistical procedures used in many reliability studies (e.g., intraclass correlation coeffi cient, Pearson correlation coeffi cient, coeffi cient of variation, and paired t test) (9, 13, 16, 17, 18, 21, 26) have been challenged (6) . The 95% limits of agreement (LOA) are considered by many researchers the most appropriate statistic to report when assessing the level of agreement between test-retest measurements (4, 6, 9, 19) . Although 95% LOA values have been used to assess the reliability of isokinetic testing in children and adolescents (11, 15) , these studies failed to explore the issue of heteroscedasticity. Nevill and Atkinson (19) have indicated that heteroscedastic errors are typical in data measured on a ratio scale. In the presence of heteroscedasticity, the 95% LOA incorrectly estimate the level of random variation in individuals scoring either low or high (7) . The presence of heteroscedasticity should be formally assessed before the calculation of the 95% LOA (3, 6, 7, 9, 19) . If present, logarithmic (log) transformation of the data should be performed and the 95% LOA calculated based on log-transformed data (3, 4, 6, 7, 19) .
The purposes of this study were therefore to evaluate, using 95% LOA, the reliability of peak torque assessments during concentric and eccentric muscle actions and the reliability of the reciprocal and bilateral muscle group ratios across a range of low and high angular velocities in youth soccer players.
Methods Participants
Twenty-three boys (ages 13.8 ± 1.0 years; stature 1.67 ± 0.09 m; body mass 55.4 ± 10.3 kg) participated in this study. All boys were free from injury that might have affected their performance on either test occasion. The universityʼs Human Ethics Committee approved all procedures, and signed informed parental consent was obtained before testing. Maturational status was determined by self-assessment of genital and pubic hair development according to the criteria of Tanner (25) . The boys rated themselves between Tanner stages 2 and 4 for both genital and pubic hair development and were therefore considered pubertal. Physical activity levels were assessed by questionnaire (adapted from Bar-Or [5] ). The boys had participated in organized soccer for 3 to 5 years before testing. They trained 1 to 3 times a week for 2 to 7 hr and played competitive matches once a week.
Procedures
After familiarization with the isokinetic dynamometer (Lido-Active, Davis, California) and test protocol, participants returned to the laboratory on two separate occasions separated by 1 week, at the same time of day. Each session commenced with a standardized warm-up of the hamstrings consisting of cycling and stretching exercises. Peak torque assessments were made in the hamstring and quadriceps muscles in both the dominant and nondominant limbs. Limb dominance was determined through interview and was defi ned as the leg preferred when kicking a ball. All measurements were performed from a seated position (hip fl exion angle approximately 90º). Stabilization straps were applied across the trunk, waist, and distal femur of the leg being tested to eliminate additional movements and to provide constant conditions for all participants. The limb tested fi rst was chosen at random for each participant but kept constant between the trials. The axis of the dynamometer was visually aligned with the lateral femoral condyle of the knee when fl exed at approximately 90º. The resistance pad was placed proximal to the medial malleolus, allowing full plantar fl exion and dorsifl exion of the ankle joint. Motion ranged from 90º to 10º of knee extension (0º = full extension). Gravity correction was performed by direct measurements of the mass of the lower leg as it was passively moved through the test range of motion at 0.54 rad/s The setup of the dynamometer and positioning of the participant were kept consistent between all trials.
The concentric strength of the quadriceps and hamstrings was assessed during continuous (bidirectional) knee extension-fl exion movements at 1.08 and 4.32 rad/s. A pause of 1 s was allowed between extension-fl exion movements to avoid a contribution to hamstring torque from the previous quadriceps action. The low angular velocity was recorded before tests at high velocity as this may facilitate learning during assessments at high angular velocities of the knee and reduce the risk of injury (12) . Eccentric muscle strength was measured during dual concentric-eccentric actions of the same muscle group at 2.16 rad/s. This angular velocity was chosen as in a pilot study with 11 boys of similar age and training status; although no signifi cant difference in peak torque was observed, participants subjectively indicated that eccentric actions were more comfortable to perform at 2.16 rad/s than at 1.08 or 4.32 rad/s. At each test condition three submaximal and three maximal warm-up movements were followed by fi ve maximal efforts. Participants were instructed to hold the handgrips and to keep the nonexercising leg still during testing. Standardized verbal encouragement was given before each maximal effort, and visual feedback of the recorded torque was provided. A rest of 30 s was allowed between consecutive efforts with 1 min between movements at different angular velocities. Peak torque values were recorded and later used to calculate H:Q ratios during concentric and eccentric muscle actions and the H ECC :Q CON ratios. The H ECC :Q CON ratio was calculated by expressing peak eccentric hamstring torque at 2.16 rad/s relative to peak concentric quadriceps torque at 1.08, 2.16, and 4.32 rad/s. Bilateral leg strength ratios were determined for all peak torque data and the H:Q and H ECC :Q CON ratios by dividing the dominant leg score by the nondominant score.
Statistical Analysis
Mean (±SD) test and retest values were calculated for all the data. The relationship between the mean and absolute difference between test 1 and test 2 data was examined using Pearsonʼs correlation coeffi cient. Positive relations were observed (r = 0.34 ± 0.19), indicating the presence of heteroscedasticity. Logarithmic transformations of the data were therefore performed; these were successful in reducing the heteroscedastic correlation (r = 0.05 ± 0.11). The 95% LOA were calculated based on the log-transformed data and back-transformed (antilogged) data to give a mean dimensionless ratio describing systematic bias, multiplied or divided by a second ratio indicating random error. To illustrate how to read the 95% ratio LOA, if the limits for a particular measurement were calculated as 1.0 4 ×/÷ 1.17, it can be stated that for any individual in the population, assuming that systematic bias is negligible (in this case 4%), any two tests will differ due to random error by no more than 17% in either a positive or negative direction.
Results

Isokinetic Peak Torque
Mean (±SD) peak torque values from the test-retest sessions and the 95% ratio LOA are presented in Table 1 . Systematic improvements of 1.03 to 1.07 were observed in most test conditions. Random errors of ×/÷ 1.10 to 1.22 were observed in the peak torque data. Generally, greater variability was observed in concentric assessments at the high angular velocities of the knee than at the low velocities. Table 2 illustrates mean (±SD) test-retest H:Q and H ECC :Q CON ratios and the 95% ratio LOA. Systematic bias for the various measurements ranged from 0.97 to 1.01. Random errors ranged from ×/÷ 1.05 to 1.37. Lower variability was observed in the concentric H:Q ratio calculated at the low angular velocity (×/÷ 1.05 to 1.08) than at the high angular velocity (×/÷ 1.10 to 1.13). Random error for all H ECC :Q CON ratios ranged from ×/÷ 1.06 to 1.08. High levels of random variation were found for the eccentric H:Q ratios in both the dominant leg (×/÷ 1.37) and nondominant leg (×/÷ 1.32).
Reciprocal Muscle Group Ratios
Bilateral Leg Strength Ratios
Mean (±SD) bilateral leg strength ratios (peak torque, H:Q, and H ECC :Q CON ) and the 95% ratio LOA are shown in Table 3 . Systematic bias for the bilateral ratios ranged from 0.98 to 1.05. The 95% ratio LOA indicated random error from ×/÷ 1.15 to 1.43. Lower levels of random error were observed in the bilateral peak torque ratios (×/÷ 1.15 to 24) compared to the bilateral reciprocal muscle group ratios (×/÷ 1.24 to 1.43). 
Discussion
In the present study 95% LOA were used to examine the reproducibility of indices of isokinetic leg strength in youth soccer players. The 95% LOA is considered the best indicator of measurement error because it accounts for both systematic bias and random error and allows the error term to be expressed in the units, thus facilitating interpretation (3). Systematic bias is a general tendency for a measurement to be different in a particular direction (either positive or negative) between assessments (3). Test protocols should allow suffi cient familiarization to a criterion test to ensure that repeated exposure elicits negligible improvement in performance due to learning. In the present study, participants were accustomed to the dynamometer and the test protocol one week before data collection. During familiarization, they were given standardized written instructions and allowed several submaximal and maximal practices in each test condition. No systematic trends were observed in the reciprocal or bilateral muscle group ratio data. Systematic improvement with reassessment was observed in most of the peak torque data. These improvements were relatively small (equivalent to 3 to 7%) and are comparable to those that can be calculated from the mean test-retest data reported in other reliability studies involving preadolescent and adolescent boys and using similar study designs (0.3 to 9.8%; 15,18). Although allowing more practice before formal assessment can reduce such bias, in many clinical and practical situations multiple familiarization sessions are not possible. It appears that systematic improvements of up to 7% are possible when the familiarization procedures reported in the present study are employed prior to the formal isokinetic assessment of the knee joint muscles of pubertal soccer players. Random error denotes chance fl uctuation in a measurement and is caused by inherent biological or mechanical variation. The error component of the LOA indicates the level of random variation with a probability of 95% (3). Although the random errors associated with peak torque assessments in young children and adolescents has been calculated (11, 15) , the limits reported are almost certainly wider than necessary for low-scoring individuals and narrower than they should be for high-scoring individuals (7, 8) . This discrepancy is likely because the absolute 95% LOA reported assume constant error variance across a measurement scale (i.e., homoscedasticity). Nevill and Atkinson (19) have indicated that the variability of peak torque data is typically dependent on the magnitude of the measured value (heteroscedastic). This is unsurprising because with such data the range of the measurement is bound to zero in one direction but theoretically free to assume any value in the other.
Logarithmic transformations can be used to correct heteroscedastic errors (3, 6, 7) . By antilogging the log-transformed data, random error is converted from a quantity, measured in the original units, to a dimensionless ratio. These ratios can then be used to calculate the random error associated with a particular measurement. The concept of 95% ratio LOA is not dissimilar to the coeffi cient of variation. However, the coeffi cient of variation provides an estimate of a hypothetical "true value" with a 68% certainty, and as a result, has been criticized for providing too liberal an estimate of measurement reproducibility (3). Random error for the peak torque data ranged from ×/÷1.10 to 1.22. These fi gures are narrower than those reported by Nevill and Atkinson (19; ×/÷1.10 to 1.29) with adult participants using the same type of isokinetic dynamometer. The reason for these differences is diffi cult to determine as these researchers provided only limited information about their pretest conditions and test protocol. Generally, greater variability was observed for concentric assessments at the high concentric angular velocity of the knee than at the low concentric angular velocity. No investigation involving children or adolescents has considered the reliability of isokinetic assessments across a range of low to high concentric angular velocities of the knee. In one study involving circumpubertal boys (15), lower reproducibility was observed during isokinetic assessments at an intermediate test velocity (3.24 rad/s) than at a low velocity (1.08 rad/s). These results together with those of the present study indicate that pubertal boys may experience diffi culty in consistently activating the neuromuscular system to produce maximal force during highervelocity concentric conditions. Greater variability was observed in the reciprocal and bilateral muscle group ratios than the absolute peak toque data. Several other researchers have reported similar observations (13, 15, 16) . The higher errors in the reciprocal and bilateral muscle group ratios compared to the peak torque data can be attributed to the fact that these ratios are a composite of at least two absolute scores, each possibly varying in the same or different direction with reassessment, resulting in error propagation.
Following the calculation of the 95% LOA, researchers should make a judgment on the implication of the measurement error on the real application of the measurement tool (3, 4) . One way of arriving at the acceptance of a certain amount of error is to decide whether the variability associated with a particular measurement is small enough to allow the detection of the expected changes with training. Untrained boys undergoing resistance training have shown gains in peak torque of between 6.2 and 23% in the concentric strength of the hamstrings and quadriceps at 0.54 to 2.16 rad/s (20, 22, 26) and gains of around 77% in the eccentric strength of the hamstrings (10) . Consequently, it would appear that the errors associated with concentric assessments at low and intermediate test velocities (×/÷1.13 to 1.21) may be too broad to detect actual changes in what is being measured. Substantial improvements must be recorded in these test conditions for the changes to be considered meaningful. Care should be taken when interpreting the effects of resistance training on the concentric strength of the knee joint muscles in pubertal soccer players. However, the errors associated with eccentric assessments of the hamstrings (×/÷1.14 and 1.20) are narrow enough to detect the expected changes in muscle strength with resistance training.
No investigation involving children or adolescents has examined the effects of resistance training on the reciprocal muscle group ratios. In adult soccer players, changes of approximately 10 to 12% have been reported in the concentric and eccentric H:Q ratios and the H ECC :Q CON ratio after 12 weeks of heavy resistance training (1) . Using this information as an index of the changes that may occur in these ratios with resistance training, it would appear that the random errors associated with the concentric H:Q ratio calculated at low angular velocity of the knee and the H ECC :Q CON ratios (×/÷1.05 to 1.08) are narrow enough to allow real changes in muscle strength balance to be detected. However, random errors associated with the H:Q ratio calculated at high concentric velocity (×/÷1.10 to 1.13) and during eccentric muscle actions (×/÷1.32 and 1.37) are too broad and would mask any training-induced changes in this ratio. These ratios cannot therefore be used as reliable indicators of changes in muscle strength balance in pubertal soccer players.
Although reciprocal muscle group ratios can be used to describe the balance of strength about the knee, no information exists about what value constitutes a signifi cant biological imbalance or an injury risk (14) . Sapega (24) recommended comparison of the reciprocal muscle group ratio in the contralateral limb and proposed guidelines for the interpretation of such data. He suggested bilateral differences less than 10% can be considered normal, differences of 10 to 20% are possibly abnormal, and differences above 20% are almost certainly abnormal. The random errors associated with all bilateral muscle group ratios (×/÷1.15 to 1.43) render them highly susceptible to misinterpretation. The high level of error in these ratios is because these indices are infl uenced by changes in the peak torque in the hamstrings and quadriceps of both the dominant and nondominant limb.
Consequently, the achievement of low measurement variability and high reproducibility is unlikely.
The sample size used in the present study (n = 23) deserves commentary. It has been recommended that, in any test-retest reliability study, 40 individuals should be sampled from the population of interest to ensure the precision of the error estimate (7) . Confi dence intervals for the random error statistics (8) indicate that the sample size employed was suffi cient so as not to lead to erroneous conclusions about the reliability of the isokinetic parameters examined.
Conclusion
The 95% ratio LOA reported in the present study should be considered when similar test protocols are employed to assess the isokinetic strength profi les of the knee joint musculature in pubertal soccer players. Systematic improvements in peak torque of up to 7% are possible when the familiarization procedures reported are followed before formal assessment. The errors associated with eccentric assessments of the hamstrings, the concentric H:Q ratio calculated at low velocity, and the H ECC :Q CON ratios are narrow enough for practical use. Caution was indicated when interpreting data obtained from concentric testing. The H:Q ratios are calculated at high concentric velocity and during eccentric muscle actions, and all bilateral muscle group ratios are affected by high levels of random error, rendering them susceptible to misinterpretation. The use of these ratios to indicate muscle strength balance in pubertal soccer players cannot be unequivocally endorsed.
